The glmS riboswitch belongs to the family of regulatory RNAs that provide feedback regulation of metabolic genes. It is also a ribozyme that self-cleaves upon binding glucosamine-6-phosphate, the product of the enzyme encoded by glmS. The ligand concentration dependence of intracellular self-cleavage kinetics was measured for the first time in a yeast model system and unexpectedly revealed that this riboswitch is subject to inhibition as well as activation by hexose metabolites. Reporter gene experiments in Bacillus subtilis confirmed that this riboswitch integrates positive and negative chemical signals in its natural biological context. Contrary to the conventional view that a riboswitch responds to just a single cognate metabolite, our new model proposes that a single riboswitch integrates information from an array of chemical signals to modulate gene expression based on the overall metabolic state of the cell.
The glmS riboswitch belongs to the family of regulatory RNAs that provide feedback regulation of metabolic genes [1] [2] [3] [4] . Most ribo switches are found in the 5′ untranslated regions (UTRs) of mRNAs that encode metabolic genes, where they control gene expression by adopting alternative RNA structures in the presence or absence of small ligands. Extensive studies of riboswitch interactions with cognate ligands have shown that ligand binding is associated with conformational changes that modulate gene expression by alter ing the availability of the ShineDalgarno sequence, a transcription terminator, or sites associated with RNA processing. In contrast, the glmS riboswitch is a ribozyme that selfcleaves upon binding glu cosamine6phosphate (GlcN6P), the product of the enzyme encoded by glmS in grampositive bacteria 5, 6 . Riboswitch recognition and acti vation by cognate metabolite ligands has been studied extensively in vitro, but riboswitch function amidst the complex array of intracel lular metabolites with closely related structures has not been analyzed directly. GlcN6P and related compounds participate directly in glmS ribozyme catalysis 7 so coenzymeinduced cleavage can be used to monitor metaboliteRNA interactions in vivo.
In order to understand riboswitch function in a biological context, we probed intracellular glmS riboswitchligand assembly directly and quantitatively using a system we previously developed for studies of hairpin ribozyme folding in Saccharomyces cerevisiae 8, 9 (Fig. 1) . The ability of exogenous glucosamine to stimulate glmS riboswitch self cleavage in yeast varied during growth on different carbon sources. The patterns of selfcleavage activity observed during growth on galactose, glucose or glycerol revealed that the glmS riboswitch under goes inhibition by products of hexose metabolism as well as activation by aminohexose ligands. Expression of a fluorescent reporter gene showed the same response to different carbon sources in B. subtilis, the native biological context. Thus, a single ligandbinding site in the glmS riboswitch can integrate information from both activating and inhibitory signals in vivo. The ability of the glmS riboswitch to modulate gene expression in response to the overall metabolic state of the cell might well reflect just a single element of a complex RNA metabolite interactome.
RESULTS

Intracellular glucosamine dependence of riboswitch activity
We expressed the glmS riboswitch as a galactoseinducible chimeric mRNA in yeast, which enabled us to determine intracellular cleavage rates from their contribution to intracellular mRNA abundance and turnover kinetics 8, 9 . During yeast growth in galactose, chimeric mRNAs containing the wildtype (WT) glmS riboswitch or a riboswitch with an inactivating G33A mutation 10 were expressed at similar levels ( Fig. 2,  Supplementary Fig. 1) , indicating that the intracellular metabolite pool did not support cleavage under these growth conditions. After addition of glucosamine (GlcN), however, fulllength chimeric mRNA with a WT riboswitch became less abundant, and RNA fragments appeared with the size expected for cleavage products ( Fig. 2a,b) . Exogenous GlcN did not affect the abundance of mutationally inacti vated chimeric mRNA ( Supplementary Fig. 1b ), so exogenous GlcN clearly reduced chimeric glmS mRNA abundance by promoting cleav age and not by changing mRNA synthesis or turnover rates.
The cleavage rates that we calculated from decreases in the abun dance of uncut chimeric glmS mRNA 9 increased with increasing GlcN, as expected ( Fig. 2b,c) . However, the k max value of 0.42 min −1 that we calculated from the fit to the MichaelisMenten equation was a r t i c l e s one to two orders of magnitude lower than k max values of 3 min −1 and 42 min −1 measured in vitro with the GlcN6P coenzyme 5, 11 . Both GlcN and GlcN6P have been implicated as coenzymes in vitro 7 , but GlcN6P supports 1,000 times higher activity than GlcN in vitro 12 . GlcN taken up by yeast might activate glmS riboswitch cleavage directly, or it might first undergo phosphorylation to generate GlcN6P before acti vating the riboswitch. An active site guanine, G1, forms a hydrogen bond with the sugar phosphate of GlcN6P 12 . Substitution of G1 with adenine abolishes this interaction and a glmS riboswitch with a G1A mutation cleaves at similar rates in GlcN and GlcN6P in vitro 12 . We examined a chimeric mRNA with a G1A mutant riboswitch to learn how the ability to recognize the sugar phosphate affects intracellu lar cleavage (Fig. 2) . The decrease in rates by a factor of 3 that we measured for the G1A mutant relative to the WT riboswitches in yeast supplemented with GlcN was much less than the 1,000fold dif ference in GlcN6Pinduced cleavage activity between WT and G1A riboswitches in vitro. WT and G1A riboswitches also showed similar GlcN concentration dependence in yeast, with apparent K d GlcN values in the mM range ( Fig. 2c) . The similarity in intracellular selfcleavage activity between WT and G1A riboswitches suggests that GlcN directly promotes riboswitch selfcleavage in yeast.
The increase in intracellular cleavage rates with increasing exogenous GlcN concentrations reached a plateau near 100 mM GlcN (Fig. 2c) . This plateau is not likely to reflect saturation of import or activation of GlcN catabolism, because intracellular GlcN concentrations con tinue to increase in yeast as medium concentrations of GlcN increase up to 7% (w/v) (400 mM) 13 . Moreover, the K d,app GlcN value of 23 mM measured in vivo is not very different from the K d,app GlcN value of 38 mM measured in vitro under conditions designed to approximate the intracellular ionic environment (Fig. 2d) . The apparent K d values measured for both the WT and G1A riboswitches in vivo thus appear to reflect their affinity for GlcN.
Dependence of riboswitch activity on carbon metabolism
Many riboswitches must assemble into ligandbound structures during transcription, because gene regulation often depends on transcription b a Figure 1 System for measuring intracellular glmS riboswitch cleavage kinetics. (a) The glmS riboswitch from Bacillus anthracis 27 . Cleavage at the site indicated by the arrow yields 5′ product (5′ P) and 3′ product (3′ P) RNAs. (b) The riboswitch coding sequence was inserted into the 3′ UTR of the yeast PGK1 gene and expressed under the control of a galactose-inducible promoter, the Gal Upstream Activation Sequence (UAS GAL ). Full-length glmS chimeric mRNA with a WT riboswitch decays faster than an mRNA with an inactivating G33A mutation 10 and is less abundant at steady state owing to the contribution of cleavage to decay kinetics 9 . Comparison of chimeric mRNAs with a WT riboswitch to mRNA with the inactivating G33A mutation ensures that changes in decay kinetics reflect cleavage and not an effect of the sequence insertion on mRNA stability. Chimeric mRNA is shown capped (CAP) and polyadenylated (A n ). a r t i c l e s terminator or antiterminator structures [2] [3] [4] . However, some ribo switches alter splicing efficiency or ribosome binding, which would not require cotranscriptional ligand binding. A possible requirement for cotranscriptional folding of ligandbound RNA is an important aspect of ligand recognition and riboswitch function that had not yet been studied in vivo. To learn whether ligand binding must occur during glmS riboswitch transcription in vivo, we added GlcN after transcription was inhibited by transfer of yeast into medium con taining glucose instead of galactose (Fig. 3a) . Chimeric mRNA with the WT ribozyme and the mutationally inactivated G33A ribozyme decayed at the same rates after GlcN addition, suggesting that GlcN did not activate cleavage after transcription inhibition. However, this evidence that GlcN did not induce cleavage of the fully transcribed riboswitch was unexpected because glmS riboswitches fold into virtually identical structures in the presence or absence of ligand in vitro 14, 15 , so we considered an alternative explanation. A physiological role for riboswitch inhibition had not been considered previously, but glucose6phosphate (Glc6P) is a competitive inhibi tor of glmS riboswitch cleavage in vitro 7 . Growth in glucose increases intracellular concentrations of Glc6P 16 , raising the possibility that the absence of detectable glmS riboswitch cleavage activity after transfer of yeast into glucose medium results from competitive inhibition of cleavage by glucose metabolites in vivo.
Glc6P is an intermediate in the metabolism of both galactose and glucose 17 , but glycerol metabolism does not proceed through any hex ose phosphate intermediates that are likely to interact with the glmS riboswitch 18 . Riboswitch cleavage products appeared and WT chimeric mRNA decay accelerated relative to decay of the inactive G33A mutant upon GlcN addition when transcription was inhibited by transfer into glycerol rather than glucose (Fig. 3b) . This is in marked contrast to the absence of cleavage in glucose medium. GlcN binding and cleavage thus did occur in fulllength chimeric mRNAs even after transcription inhibition, but only during a glycerol chase. This evidence that GlcN induces glmS riboswitch cleavage activity after transcription inhibi tion in glycerol suggests that the failure of GlcN to induce cleavage in glucose did not reflect a requirement for cotranscriptional folding of a ligand complex, but rather differences in the metabolic state of the cell during growth in glycerol versus glucose.
Furthermore, cleavage occurred in the absence of exogenous GlcN during mRNA decay in glycerol ( Fig. 3b) but not during steadystate growth in medium with galactose ( Fig. 2) or during decay in glucose ( Fig. 3a) . Differences in riboswitch activity during growth in glycerol relative to growth in galactose or glucose thus did not reflect differences in uptake of exogenous GlcN, so they must reflect differ ences in the intracellular concentrations of endogenous activating and inhibitory metabolites during growth in different carbon sources. These differences in riboswitch activity during growth in glycerol, galactose and glucose provide strong evidence that products of hex ose metabolism, such as Glc6P, inhibit cleavage by competing with activating ligands for riboswitch binding. We measured a K i,app of 10 mM for Glc6P inhibition of GlcNmediated selfcleavage in vitro in reactions designed to approximate intracellular conditions (Fig. 4a) . A similar inhibition constant of 3 mM has been reported for Glc6P inhibition of GlcN6Pactivated glmS riboswitch selfcleavage in vitro 9 . We attempted to measure intracellular concentrations of activating and inhibitory metabolites but could not resolve hexose and aminohexose isomers. However, the intracellular Glc6P concentration of about 2.3 mM reported for yeast grown in glucose 19 is on the same order of magnitude as the inhibition constants measured in vitro, consistent with an inhibitory role for Glc6P in gene regulation by the glmS riboswitch in vivo. The glmS riboswitch thus responds to a complex array of both positive and negative signals that arise from carbon metabolism as yeast grow in different environments.
We validated the biological significance of this finding using green fluorescent protein (GFP) reporter constructs in which riboswitch cleavage reduces fluorescence in B. subtilis. Fluorescence intensity decreased significantly (P < 0.001) in bacteria with a WT ribo switch reporter grown in medium with GlcN relative to reporter mRNA with an inactivating G33A mutation (Fig. 4b) , as expected if GlcNactivated selfcleavage reduced reporter mRNA abundance. Furthermore, B. subtilis showed enhanced fluorescence during growth in medium with both GlcN and glucose, consistent with inhibition of glmS riboswitch selfcleavage by glucose metabolites. The difference in fluorescence did not reflect metabolic conversion of glucose to GlcN because we used a glmS − strain 20 . Furthermore, no increase in fluorescence occurred in bacteria expressing a reporter with a muta tionally inactivated G33A riboswitch, so it did not reflect changes in mRNA synthesis or turnover. The glmS riboswitch was thus subject to inhibition by glucosederived metabolites in grampositive bac teria, its natural biological context. These results provide the first b a Figure 3 Chimeric mRNA cleavage and decay kinetics after transcription inhibition in different carbon sources. (a) Full-length (FL) WT and G33A chimeric mRNA showed similar decay rates after transcription inhibition by transfer of yeast from galactose to glucose with 5 mM GlcN. Chimeric mRNA levels are shown normalized to the initial abundance of fulllength riboswitch RNA (FL 0 ). (b) WT chimeric mRNA showed faster decay than chimeric mRNA with an inactivating G33A mutation after transcription inhibition in glycerol, reflecting the contribution of riboswitch cleavage. Cleavage rates were calculated from the difference between the decay rate of full-length chimeric mRNA with a G33A riboswitch insert, which reflects degradation through the endogenous mRNA turnover pathway, and chimeric mRNA with a WT riboswitch insert, which decays through both cleavage and normal degradation pathways 9 . Addition of 5 mM GlcN after transcription inhibition accelerated decay of chimeric mRNA with a WT riboswitch even further. Decay kinetics for G33A mutant chimeric were the same under all conditions for which WT decay rates are reported, indicating that mRNA turnover through endogenous mRNA turnover pathways was not affected by riboswitch insertions or change of carbon source. Reported rates represent the mean and s.d. of values obtained from two or more replicate experiments. a r t i c l e s evidence that metabolites play both stimulatory and inhibitory roles in riboswitchmediated gene regulation in vivo.
DISCUSSION
Large, unexpected changes in selfcleavage kinetics under different growth conditions revealed inhibition as well as activation by hex ose metabolites. Reportergene experiments in B. subtilis confirmed that the glmS riboswitch integrates positive and negative chemical signals in its natural biological context. These findings demonstrate that glmS riboswitch activity depends not only on the concentration of cognate ligands that promote selfcleavage but also on products of hexose metabolism that inhibit selfcleavage. The ability of intracel lular metabolites to block the interaction between a riboswitch and its cognate ligand points to an unanticipated role for riboswitches in the integration of multiple chemical signals. Negative feedback regula tion of GlmS through riboswitch activation by intracellular GlcN6P is well known 5, 6 . However, our findings provide the first evidence that intracellular products of hexose metabolism block activation by cognate ligands, thereby enabling the glmS riboswitch to modulate gene expression in response to the overall metabolic state of the cell. A previous report that growth of B. subtilis in GlcN reduces GlmS activity, but growth in glucose and GlcN does not 21 , supports the idea that the riboswitch integrates information from an array of meta bolites, not just from its cognate ligand. Glucosamine6phosphate deaminase (NagB) deaminates GlcN6P to generate fructose6 phosphate, the reverse of the reaction catalyzed by GlmS. NagB is downregulated in glucose and upregulated in GlcN 21, 22 . Our results indicate that the glmS riboswitch plays a role in reciprocal regula tion of GlmS, responding to intracellular hexose and aminohexose metabolites to achieve both feedforward upregulation and feedback downregulation of GlmS expression ( Fig. 5) .
These findings have broad implications for mechanisms of ribo switchmediated gene regulation. Tandem riboswitch arrangements have been shown to respond to multiple metabolites 23 , but this is the first evidence that a single riboswitch responds to multiple chemical signals, both activating and inhibitory. The ability of a single ribo switch to integrate information from multiple chemical signals may well extend to other riboswitches. The SAMI riboswitch, which regulates ratios of Sadenosylmethionine (SAM) to Sadenosyll homocysteine (SAH) 1, 24 , provides one illustration. The P1 and P3 helices of the SAMI riboswitch interact with different functional groups of SAM to stabilize a specific tertiary structure and promote folding of a transcription terminator. SAH forms the same interaction with the P3 helix as SAM but lacks a key interaction with the P1 helix 24, 25 . If the SAM riboswitch integrates positive and negative chemical signals like the glmS riboswitch, abundant SAH might compete with SAM for P3 binding without stabilizing the interhelical tertiary structure or promoting folding of the transcription terminator. Indeed, SAMI riboswitch variants with similar affinities for SAM in vitro have different effects on downstream genes in vivo, which might reflect different susceptibilities to inhibition by SAH or related metabolites in vivo 26 . The SAMI riboswitch thus might integrate information about SAM and SAH abundance in the same way that the glmS riboswitch integrates information from carbon metabolism.
We found that the glmS riboswitch responds to both inhibitory and activating metabolites in yeast and bacteria. Our finding that glmS riboswitch activity is modulated by several metabolites in vivo, not just a single cognate ligand, suggests an expanded physiological role for regulatory RNAs in integrating information from an array of chemical signals. We propose a new paradigm for riboswitchmediated a r t i c l e s gene regulation, in which ligand binding reflects the concentrations and affinities of an array of chemical signals and serves to integrate information about the metabolic state of the cell. The glmS riboswitch response to multiple metabolites that we describe here likely repre sents an early indication of a vast RNAmetabolite interactome that remains to be explored.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
